ABSTRACT: This study evaluated the longitudinal effect of fish oil in pregnancy on breast milk fatty acid composition and infant outcomes. In a randomized, controlled trial, 98 women received 2.2 g docosahexaenoic acid (DHA) and 1.1 g eicosapentaenoic acid (EPA) or olive oil from 20 wk of gestation until delivery. Fatty acid composition in breast milk (at 3 d, 6 wk, and 6 mo) and infant erythrocyte membranes (at 1 y) were determined by gas liquid chromatography. Breast milk fatty acids were examined in relationship to growth and development. Compared with control group, breast milk from women who received fish oil had proportionally higher DHA and EPA levels at 3 d and 6 wk after delivery, but this difference was no longer apparent by 6 mo. Infant DHA status at 1 y of age was directly related to DHA levels at 3 d, 6 wk, and 6 mo postpartum (but not to antenatal supplementation). Both EPA and DHA in breast milk were positively correlated with Griffith's developmental scores including hand and eye coordination. Thus, supplementation in pregnancy was associated with increased n-3 long-chain polyunsaturated fatty acids (LCPUFAs) in breast milk, particularly in early lactation, and this was positively associated with infant DHA status at 1 y. (Pediatr Res 62: 689-694, 2007) 
L ong-chain polyunsaturated fatty acids (LCPUFAs_ are critical for optimal health and development. However, women in Western countries have much lower median n-3 LCPUFA intakes (around 30 mg/d in some studies) (1) compared with women from fish-eating nations such as Japan, Korea, and Norway where dietary n-3 LCPUFA intakes are Ͼ1000 mg/d. Dietary changes have been associated with changing composition of breast milk, which has shown decreasing n-3 LCPUFA content and increasing n-6 LCPUFA levels over a 20-y period (2) . Furthermore, recent data indicate that pregnant women are actually likely to reduce their intake of fish in pregnancy in response to government advisories regarding consumption of specific fish that may contain high levels of methyl mercury (3) . These observations have lead to more studies to determine the role of maternal fish oil supplementation.
Earlier studies of fish oil supplementation focused on supplementation of infants or postnatal supplementation of the mother to increase breast milk n-3 LCPUFA levels. Some studies suggest that improved LCPUFA status can improve functional outcomes.
We previously investigated the role of fish oil supplementation during pregnancy on infant immune function (4) and development (5) . It was therefore logical to extend this study to explore the potential benefits of supplementation in pregnancy on subsequent breast milk composition as a continued source of n-3 LCPUFAs for infants. Since maternal diet in pregnancy has a marked impact on fatty acid status in the newborn, we hypothesized that maternal dietary supplementation with fish oil during pregnancy would also enhance maternal n-3 LCPUFA stores and hence breast milk levels and further contribute to subsequent n-3 LCPUFA status in the infant at 1 y of age. Most previous studies focused on the acute effects of supplementation of the mothers' diet during lactation (6) . To our knowledge, this is the first study to address the longitudinal effects of antenatal supplementation on breast milk n-3 LCPUFA status over the course of the first 6 mo of lactation.
METHODS
Participants. Ninety-eight pregnant atopic women in Western Australia were recruited for a double-blind, randomized, controlled study to determine whether supplementation with n-3 LCPUFAs during pregnancy could modulate neonatal immune response with a view to preventing the development of infant allergies. Women were recruited between 16 and 20 wk of gestation from antenatal clinics of private obstetricians in Perth, Western Australia. Only mothers who delivered after 36 wk of gestation were included. All women had a history of physician-diagnosed allergic rhinitis and/or asthma and one or more positive skin prick tests to common allergens (house dust mite, grass pollens, moulds, cat, dog, and cockroach extracts) (Hollister Stier Laboratories, Spokane, WA). Women were ineligible for the study if they smoked, had other medical problems, or their normal dietary intake exceeded two meals of fish per week.
Study design and intervention. The groups were block randomized according to parity (no previous term childbirth versus one or more), prepregnancy body mass index (BMI), age, and maternal allergy (allergic rhinitis or asthma). Women in the fish oil group (n ϭ 52) received four (1-g) fish oil capsules per day (Ocean Nutrition, Halifax, Nova Scotia, Canada), comprising a total of 3.7 g of n-3 LCPUFAs with 56.0% as docosahexaenoic acid (DHA) (22:6n-3) and 27.7% as eicosapentaenoic acid (EPA) (20:5n-3). The control group (n ϭ 46) received four (1-g) capsules of olive oil per day (containing 66.6% n-9 oleic acid and less than 1% n-3 LCPUFAs) (Pan Laboratories, Moorebank, NSW, Australia). The study was approved by the Ethics Committees at St. John of God Hospital and Princess Margaret Hospital, and all women gave informed consent.
Fatty acid analysis in breast milk. Breast milk samples were collected 3 d, 6 wk, and 6 mo postpartum, either by manual expression or breast pump, frozen immediately, and stored at Ϫ80°C until analysis. Milk was thawed, and fatty acid analysis performed on whole milk samples as previously described (7) . Lipids were extracted with chloroform: methanol (2:1) using butylated hydroxyanisole as an antioxidant. Fatty acid methyl esters from milk lipid extracts were prepared by acid transmethylation using 1% H 2 SO 4 in methanol. Fatty acid methyl esters were separated using a gas chromatograph (Shimadzu GC-14A, Shimadzu Corporation, Kyoto, Japan) equipped with a 50-m capillary column (0.3-mm internal diameter) coated with BPX-70 (0.25-mm film thickness; SGE Pty Ltd., Ringwood, Australia) using a modification of a previously published method (8) . Each sample (3 L) was injected on to the column using an automatic injector (Shimadzu AOC-14, Shimadzu Corporation) at a split ratio of 30:1. The injector temperature was set at 250°C and the detector (flame ionization) temperature at 300°C. The initial oven temperature was 140°C and was programmed to increase to 230°C at 5°C/min. Helium was used as the carrier gas at a velocity of 4 mL/min. Fatty acids were identified based on retention time to authentic lipid standards (Nu-Chek-Prep Inc., Elysian, MN) and expressed as mean percentage and SD of the total fatty acids measured.
Fatty acid analysis in erythrocytes. Blood samples were collected from the women at 36 wk of gestation and 6 wk postpartum and from the infants at 1 y of age into heparinized Roswell Park Memorial Institute (RPMI, Life Technology, UK) tissue culture medium and centrifuged at 500 ϫ g for 30 min. Erythrocytes were isolated from below a Lymphoprep (Nycomed Pharmacia, Norway) gradient interface and washed in phosphate buffered saline. Fatty acid composition analyses were carried out as previously described (9) . Briefly, total lipids were extracted with chloroform:methanol (2:1) and phospholipids isolated by thin-layer chromatography. Fatty acid methyl esters were prepared by treatment of phospholipid extracts with 4% H 2 SO 4 in methanol at 90°C for 20 min and analyzed by gas liquid chromatography using a Hewlett-Packard model 5980A gas chromatograph. The column was a BPX70 (25 ϫ 0.32 mm, 0.25-m film thickness) (SGE, Ringwood, Victoria, Australia) with a temperature programmed from 150 to 210°C at 41°C/ min and using N2 as the carrier gas at a split ratio of 30:1. Fatty acids were identified by comparison with a known standard mixture and expressed as a percentage of the weight of the total fatty acids measured (C14 -C22).
Clinical outcomes. Infants were clinically evaluated at 12 mo of age by a pediatrician/allergist (S.L.P.), who remained blinded to the intervention. The children were examined for evidence of allergy including asthma, atopic dermatitis, food allergy, and sensitization, as previously described and reported (4).
At 2.5 y of age, children were evaluated by a psychologist who remained blinded to the intervention. Height, weight, and head circumference were measured, and the children were tested for development [Griffiths Mental Development Scales (GMDS)] (10), receptive language (Peabody Picture Vocabulary Test IIIA) (11) , and behavior (Child Behavior Checklist 1-5 y) as previously described and reported (5). These tests were chosen because they have valid and reliable psychometric properties for assessing children aged 2 y. The GMDS comprise six subscales of development (locomotor, personal social, speech and hearing, eye and hand coordination, performance, and practical reasoning). One quotient was calculated for each subscale, as well as a general quotient that was derived as the mean of the subscale quotients.
Data analysis. Differences between the groups were determined by independent t test. Differences in categorical variables were determined by logistic regression. The effect of treatment and time (group x time interaction) on fatty acid composition was examined using general linear model (GLM) repeated measures. A paired t test was used for within-group analyses when a significant group x time interaction was shown. The two groups were also combined to determine associations between individual fatty acid proportions in breast milk and erythrocytes using Pearson's correlation. All statistical analyses were performed using SPSS software (Version 13 for Macintosh). A p value Ͻ0.05 was considered statistically significant for the analysis of clinical outcome variables; p Ͻ 0.01 was considered statistically significant for all fatty acid analyses because of the number of comparisons made.
RESULTS

Population characteristics.
Of the 83 mothers who completed the original study (4), 73 women provided breast milk samples at one or more time points. Fifty mothers were still breast-feeding 6 mo postpartum (n ϭ 23 in the fish oil group and n ϭ 27 in the olive oil group). The infant formulas used after cessation of breast-feeding was not supplemented with LCPUFAs. There were no significant differences in the characteristics of these groups for any of the parameters examined including maternal age, prepregnancy BMI, maternal allergic status, parity, gestational length, or neonatal anthropometric measurements (data not shown). Other information about this population has been previously reported (4) .
Longitudinal analysis of breast milk fatty acid composition. The composition of fatty acids in breast milk at 3 d (n ϭ 73), 6 wk (n ϭ 67), and 6 mo (n ϭ 50) following delivery (and the cessation of supplementation) is shown in Table 1 . Colostrum collected from the fish oil group (3 d after delivery) had significantly higher proportions of n-3 LCPUFAs [DHA, EPA, and docosapentaenoic acid (DPA) (22:5n-3)] compared with the control group (p Ͻ 0.001 for all measures).
The proportions of DHA and DPA decreased significantly in both groups over the first 6 wk of lactation (p Ͻ 0.001). However, over the three time points, the decrease was greater in the fish oil group compared with the control group (group ϫ time interactions: p Ͻ 0.001) ( Table 1) . Despite this, DHA (p Ͻ 0.001) (but not DPA) remained significantly higher in breast milk collected from the fish oil group at 6 wk. EPA also decreased significantly more in the fish oil group over the three time points (p ϭ 0.007) than the control group and particularly in the first 6 wk (p Ͻ 0.001). In the control group, EPA actually showed a proportional increase between the sample collected on d 3 and the one collected 6 wk postpartum. Despite this, EPA levels remained higher in the fish oil group 6 wk postpartum. By 6 mo, there were no differences between the groups for any of the fatty acids measured.
Effects on omega-6 (n-6) LCPUFAs were less consistent. 20:3n-6 was significantly lower in the d-3 breast milk from the fish oil group (p Ͻ 0.001) compared with the control group. Arachidonic acid (AA) (20:4n-6) was also decreased in the fish oil group in the d-3 sample only (p ϭ 0.045).
The ratio of n-3:n-6 in breast milk was significantly higher in colostrum (3 d) from the fish oil group (p Ͻ 0.001) and decreased more significantly over the first 6 wk of lactation in the fish oil group (p Ͻ 0.001) compared with the control group (p ϭ 0.013), as shown in Figure 1 , and was no longer significantly higher than the control group by 6 wk.
Association between fatty acids in maternal erythrocytes and breast milk. Women supplemented with fish oil had significantly higher n-3 LCPUFA composition (as a percentage of total fatty acids) in erythrocyte membranes at 36 wk of gestation (total n-3 LCPUFAs: 22.8 Ϯ 0.4% for the fish oil and 16.2 Ϯ 0.4% for the placebo group; p Ͻ 0.001) and 6 wk postpartum (total n-3 LCPUFAs: 19.4 Ϯ 0.3% for the fish oil and 15.4 Ϯ 0.3% for the placebo group; p Ͻ 0.001), as previously reported (12) . When data from both groups were combined in a whole population analysis (n ϭ 73), maternal n-3 LCPUFA levels at 36 wk of gestation were strong predictors of breast milk LCPUFA composition for the first 6 wk of lactation, as shown in Table 2 . In particular, maternal erythrocyte DHA and EPA at 36 wk of gestation correlated with 690 DHA and EPA, respectively, in breast milk collected at 3 d (p Ͻ 0.001) and 6 wk postpartum (p Ͻ 0.001) ( Table 2) . Maternal erythrocyte DPA was not correlated with any breast milk fatty acids; however, breast milk DPA (3 d and 6 wk postpartum) was correlated with erythrocyte EPA and DHA at 36 wk of gestation (p Ͻ 0.01). There were no significant correlations at 6 mo postpartum (data not shown). Maternal erythrocyte EPA and DHA 6 wk postpartum was strongly correlated (p Ͻ 0.001) with breast milk EPA and DHA collected at the same time point (Table 3) .
Association between breast milk fatty acids and infant fatty acids at 1 y. Figure 2 shows the change in infant erythrocyte fatty acid composition between birth and 12 mo of age for a subgroup with available samples (29 children in each group). DHA (22:6n-3) was significantly lower (p Ͻ 0.001) at 12 mo in both groups. At 1 y, EPA (20:5n-3) was significantly higher (p Ͻ 0.001) in the control group and significantly lower (p Ͻ 0.001) in the fish oil group compared with birth. N-6 PUFA 20:3n-6, 20:4n-6, and 22:4n-6 composition was also significantly lower (p Ͻ 0.01) at 12 mo of age compared with mo postpartum. A significant difference between the groups was seen for the 3-d sample ( †p Ͻ 0.001). Significance levels are also shown for within-group changes over time ( †p Ͻ 0.001 and *p ϭ 0.013), as determined by paired t tests), and denote significant changes in both groups between 3 d and 6 wk postpartum. 
Table 2. Correlation coefficients between LC-PUFAs in erythrocyte membranes collected from women at 36 wk of gestation and LC-PUFAs in breast milk collected 3 d and 6 wk postpartum (pp)
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fatty acid composition at birth in both groups (Fig. 2) . In contrast, lactic acid (18:2n-6) was significantly higher (p Ͻ 0.001) at 1 y compared with composition at birth in both the fish oil and control groups. There was no significant difference in the fatty acid status of infants in the fish oil compared with the control group at 1 y of age. However, when the groups were combined in whole population analyses, there were strong and consistent correlations between DHA status in infants at 12 mo of age and DHA in breast milk collected 3 d (n ϭ 52; r ϭ 0.328, p ϭ 0.018), 6 wk (n ϭ 45; r ϭ 0.510, p Ͻ 0.001) and 6 mo (n ϭ 35; r ϭ 0.506, p ϭ 0.002) postpartum. It was also noted that infants who were breast-fed for at least 6 mo had higher DHA at 12 mo of age (mean, 4.97 Ϯ SD: 1.55% total fatty acids) than those breast-fed less than 6 mo (or not at all) (mean, 3.49 Ϯ SD: 0.86% total fatty acids, p Ͻ 0.001). After adjusting for differences in feeding method in a linear regression model, fish oil supplementation during pregnancy did not significantly affect DHA status at 1 y of age [␤ coefficient: Ϫ0.46; 95% confidence interval (CI): Ϫ1.15 to 0.22, p ϭ 0.283]. This suggests that fatty acid status at 1 y of age was more a function of postnatal intake (including breast milk) than of fatty acid levels in pregnancy.
Association between breast milk fatty acids and clinical outcomes in the infants. We previously reported the effects of the fish oil supplementation in this population on infant growth (5), neurodevelopment (5), and allergic outcomes (4). Here we examine the relationship between breast milk n-3 LCPUFA status and these previously noted outcomes.
First, we examined breast milk composition in relation to the previously noted effects of fish oil on allergy outcomes. Although the original study was not designed to assess effects on clinical allergy, we previously reported that infants of fish oil-supplemented mothers were less likely to be sensitized to egg at 1 y [odds ratio (OR) ϭ 0.34; 95% CI: 0.11-1.02; p ϭ 0.055] (4). Here, we also found that infants still breast-fed at 6 mo of age were more likely to be sensitized to egg in the first year of life (OR ϭ 3.43; 95% CI: 1.01-11.66; p ϭ 0.048). Since breast milk is a continued source of DHA in the postnatal period, we performed logistic regression between individual fatty acids in breast milk and sensitization; however, there were no significant associations. Furthermore, in a logistic regression model, fish oil supplementation and breastfeeding were found to both have independent effects. Second, we examined breast milk composition in relationship to the previously noted effects of fish oil on neurodevelopmental outcomes, including improved hand-eye coordination in the babies of the fish oil group at 2.5 y of age (5) . As shown in Table 4 , we found that both EPA and DHA content of breast milk was positively correlated with nearly all the GMDS subscales of development including hand and eye coordination (EPA: r ϭ 0.405, p ϭ 0.001; DHA: r ϭ 0.315, p ϭ 0.016). High AA in breast milk collected 6 mo postpartum was associated with reduced vocabulary skills as measured by the average length of phrase used (r ϭ Ϫ0.533, p ϭ 0.002) and the number of words used (r ϭ Ϫ0.371, p ϭ 0.028).
Finally, we examined the relationship between breast milk n-3 LCPUFA status and infant growth parameters at 2.5 y of age. There were no differences in growth (height, weight, and head circumference) between the fish oil and the control groups, before and after adjusting for breast-feeding (data not shown).
DISCUSSION
Our existing study population provided a novel opportunity to examine the effects of supplementation in pregnancy (but not lactation) on breast milk over the longer term. Many 
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previous studies were only short term (13) or used fish oil during lactation [with (14) or without (15) supplementation during pregnancy as well]. To our knowledge, this is the first study to document the effects of high-dose fish oil supplementation during pregnancy on longitudinal changes in breast milk fatty acid composition over the first 6 mo of lactation. The most significant effect was on breast milk n-3 LCPUFAs, particularly DHA and EPA levels, which remained significantly higher over the first 6 wk of lactation in the women supplemented with fish oil compared with controls. The ratio of n-3:n-6 was also significantly higher in this period in the fish oil group. With growing recognition of the importance of n-3 LCPUFAs, particularly DHA, for early development, these observations are highly relevant to recent strategies to optimize early n-3 LCPUFA status in this early period. Although these infants already had significantly higher n-3 LCPUFA levels at birth as a result of maternal supplementation in pregnancy [as previously reported (12)], our findings here confirm additional postnatal nutritional benefits of improved maternal n-3 LCPUFA status for breast-fed infants. As anticipated, the increases in breast milk n-3 LCPUFA content were greatest in the first months of lactation and were seen without mothers continuing supplementation in the postnatal period. Our findings contrast with those of Boris et al. (13) who noted that fish oil supplementation limited to pregnancy was not as effective as supplementation during both pregnancy and lactation and did not significantly increase n-3 LCPUFA content in breast milk compared with a control group. As also anticipated, we have confirmed that maternal n-3 LCPUFA status in late pregnancy is strongly correlated with n-3 LCPUFAs in breast milk for the first 6 wk of lactation. These relationships are particularly strong for both EPA and DHA. These observations indicate that maternal diet during pregnancy is an important source of these fatty acids in early lactation and reinforces the additional benefits of supplementation in pregnancy on postnatal DHA status, for both mother and infant. It is important to note that the effects observed in this study were achieved using higher doses of fish oil (3.7 g of n-3 LCPUFA per day in pregnancy) than are sometimes used in pregnancy and in most previous studies of supplementation during pregnancy. Notably, the levels of 18:1 fatty acids were similar between the groups, even though the control group received this (oleic acid 18:1). This suggests selective deposition and mobilization of fatty acids during pregnancy and lactation, favoring LCPUFAs. The relationship between breast milk fatty acid at 6 wk and maternal (erythrocyte) fatty acid was just as significant for erythrocytes analyzed at 6 wk as it was for erythrocytes analyzed at term (Tables 2 and 3 ), indicating that maternal fatty acid status at delivery is a good predictor of subsequent breast milk composition many weeks later. These relationships also suggest that the slight decline in maternal n-3 LCPUFA stores after gestation could be the result (at least in part) of diversion of these fatty acids into breast milk production.
We have previously reported (in this population) that infants in the fish oil group were less likely to develop allergic sensitization to egg allergen (4) and that they also had improved neurodevelopment outcomes [notably in hand-eye coordination at 2.5 y (5)] compared with the control group. Importantly, there were no adverse effects of this selective supplementation on growth (or development). Although it is difficult to separate the direct antenatal effects of supplementation on clinical outcomes from additional postnatal effects of breast milk, we have shown that effects on breast milk have a significant independent effect on fatty acid status at 1 y. Specifically, although there was no differences in 1 y fatty acid status of infants in the fish oil group compared with the controls (i.e. no relationship with antenatal supplementation per se), it is of note that there were strong and consistent correlations between breast milk fatty acid composition and infant fatty acid status at 1 y. Significantly, this suggests that postnatal fatty acid intake is a stronger indicator of fatty acid status at 1 y of age than whether the infants' mothers were supplemented in pregnancy. In particular, DHA composition in breast milk at 3 d, 6 wk, and 6 mo postpartum was significantly correlated with infant DHA at 1 y in a combined population analysis. Furthermore, infants who were exclusively breast-fed for at least 6 mo had higher DHA and total n-3 LC-PUFAs at 12 mo of age than those breast-fed less than 6 mo or not at all. These findings reinforce the importance of DHA levels in breast milk for maintaining subsequent infant DHA status. Although more LCPUFAs are deposited in the brain during the last trimester compared with postnatal life, there is evidence that deposition continues beyond term (16) . Neurologic development continues in the first years of life, and some studies suggest that LCPUFA supplementation in the postnatal period can improve functional outcomes (17) , suggesting that postnatal deposition is also important. It is therefore possible that the clinical benefits of fish oil supplementation in pregnancy will also be mediated (in part) by 
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EFFECT OF FISH OIL ON BREAST MILK additional postnatal effects via breast milk. This study highlights the need to consider these additional effects in pregnancy supplementation studies. Further studies are currently under way in our group to assess the separate effects of fish oil in the postnatal period. This will help address the relative contribution of "pre" versus "post" natal LCPUFA status. We acknowledge that daily variations in breast-milk LCPUFAs limit the ability of a single milk sample to give a precise measure of the n-3 LCPUFA intake. However, our observations here suggest that this can still be a useful measure.
In summary, we have demonstrated that fish oil supplementation during the second half of pregnancy modified breast milk LC-PUFA composition and that breast milk composition (rather than pregnancy levels) contributed to infant n-3 LCPUFA status at 1 y of age. This suggests that in addition to improving neonatal n-3 LCPUFA status, supplementation in pregnancy has continued effects on infant fatty acid status through effects on breast milk composition. Although the importance of achieving "adequate" n-3 LCPUFA levels is well established (and highly relevant to many Western societies where n-3 LCPUFA intakes have been declining), the role of higher dose supplementation to prevent specific diseases or enhance cognitive development is not established and still requires further study.
